PRL 119, 237202 (2017)

PHYSICAL REVIEW LETTERS

week ending
8 DECEMBER 2017

Switching Molecular Conformation with the Torque on a Single Magnetic Moment
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For the endohedral fullerene molecule HoLu,N@Csgy, it is shown that the endohedral HoLu, N unit may
be oriented in a magnetic field. The Ho magnetic moment is fixed in the strong ligand field and aligns along
the holmium-nitrogen axis. The torque of a magnetic field on the Ho magnetic moment leads to a hopping
bias of the endohedral unit inclining to an orientation parallel to the externally applied field. This
endohedral cluster distribution remains frozen below the onset of thermally induced rotation of the
endohedral units. We derive an analytical statistical model for the description of the effect that scales below
7 T with the square of the external field strength, and that allows us to resolve the freezing temperature of
the endohedral hopping motion. The freezing temperature is around 55 K and depends on the cooling rate,
which in turn determines an activation energy for the hopping motion of 185 meV and a prefactor of
1.8 x 10" s~1. For TbSc,N@Cy, we find the same behavior with a 3.5% higher freezing temperature.
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The needle of a compass easily orients in a magnetic
field because the torque scales with the sum of the
electronic moments that are frozen in the lattice of the
ferromagnetic needle. Still, magnetic moments of single
atoms may be oriented and if the torque is transferred to the
surrounding of the moment, as it is a molecule or a crystal,
macroscopic rotation may result as well. In order to search
for this orientation effect in the single atom limit, the ratio
X between Zeeman energy and thermal energies uB/kgT
has to be considered. For an atomic moment y of 10 pp and
a magnetic field of 1 T, X is larger than one below 7 K. This
scaling argument limits expectations to see B field induced
rotation due to a single paramagnetic atom. For example,
the alignment of rare-earth-containing liquid crystals in B
fields of about 1 T and above room temperature [1] must be
a cooperative phenomenon, where more than one moment
is involved. For isolated paramagnetic atoms in molecules,
so far, no changes of the molecular conformation upon
application of a magnetic field have been demonstrated.
Here we report the alignment of the endohedral unit of
HoLu,N@Cg [Fig. 1(a)] in an externally applied magnetic
field. With careful field and temperature dependent mag-
netization measurements, a single magnetic moment effect
on the molecular conformation is shown. The endohedral
unit is subject to thermally activated hop rotation between
equivalent low energy conformations [2,3], way below the
freezing temperature of the carbon cages in a solid, which is
250 K for the case of solid C¢, [4]. The magnetic field
exerts a torque on the Ho’" ion that is transferred to the
endohedral unit because of the magnetic anisotropy, i.e.,
the alignment of the Ho magnetic moment in a strong
ligand field, that is the base of single molecule [5,6] and
single atom magnetism [7,8].
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FIG. 1. (a) Ball-and-stick model of HoLu,N@Cg,. A B field
exerts a torque 7 on the Ho magnetic moment /. (b) The energy
barrier E, separates preferred orientations separated by A#, while
the Zeeman energy imposes a bias for magnetic moments parallel
to the B field. (c) (top) Zeeman splitting and (bottom) angular
density distribution dependence on the polar angle. The equilib-
rium angular density distribution for £, = 0 (dashed line) and
kgT/E, = 1/2 (solid line) are shown. The inset is the polar
diagram of the two distributions. (d) Effective magnetic moment
in thermal equilibrium vs k37 /E, for freely rotating endohedral
units (green) and for frozen, isotropically distributed magnetic
moments (black). The magnetization of in-field cooling should lie
within the green and the black curves in the shaded area.
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HoLu,N@Cg, endofullerenes were produced by arc-
discharge synthesis using corresponding metal oxides and
guanidine thiocyanate as the nitrogen source. The resultant
soot was preextracted with acetone and further Soxhlet-
extracted with CS,. The separation of different fullerenes
was performed by two-step high pressure liquid chroma-
tography. The complete separation of HoLu,N@Cg, — I,
from Lu;N@Cyg,, — 1, I, being the most abundant isomer
with icosahedral symmetry, was not possible without
significant loss of material; thus, the sample used for this
Letter contained 20% of diamagnetic LusN@Cg, — I, [2].
Hereafter we will omit the isometric label I;,.

The magnetization measurements were performed in a
Quantum Design MPMS3 Vibrating Sample Magnetometer
(VSM). The sample is drop cast from toluene solution
[9] that results in a black powder, and from the satura-
tion magnetization we calculate a mass of 0.5 mg
HoLu,N@Cg,. A temperature independent diamagnetic
background of —3 x 107 Am?/T was inferred from the
low temperature magnetization data between 5 and 7 T.

Figure 1(a) shows the model of HoLu,N@Cg,. The
endohedral unit consists of a triangle with 3 trivalent rare
earth ions on its vertices, in the present case two diamag-
netic Lu** and one paramagnetic Ho>* ion. In the center of
the triangle sits a nitrogen 3~ ion that lifts the 17-fold
degeneracy of the isotropic Ho Iy Hund ground state. As
for HoSc,N@Cg [6], the ground state assumes J, = £8
with a large nominal magnetic moment y = 10 up, where
the quantization axis aligns along the N-Ho axis. Point
charge model calculations of the ligand field splittings
indicate an energy difference AE/kp of 300 K between the
first excited state J, = 7 and the ground state J, = £8.
Therefore, in the temperature range of our experiment, the
magnetism is described with a single pseudospin J, = £8
[2]. Such axial anisotropy is found as well for Dy [9, 10]

and for Tb [11]. A magnetic field B exerts a torque T =

X B on the Ho atom. The anisotropy of the ligand field,
however, hinders the Ho magnetic moment from freely
following the magnetic field, and the torque is transferred to
the N-Ho bond that acts as a lever for the torque on the
endohedral unit, and the carbon cage. The free rotation of
the endohedral units and the molecules is hindered by the
nonisotropic carbon cages that impose preferred endohe-
dral orientations [2].

For the given magnetic moment density, magnetic dipole
interaction between different molecules may be neglected
above temperatures of 1 K [12].

A priori it cannot be decided on whether the endohedral
units rotate with the crystal, with the cage, or within the
cage. The reproducibility of the experiment excludes
macroscopic changes in the sample, while the length of
the lever, the lower coordination, and the activation energy
E, that we determine rather favor a picture where the
endohedral unit moves inside the cage in an otherwise
frozen sample. This is also in line with the higher

temperatures at which the onset of molecular rotation in
solid Cgy was observed [4]. Based on molecular dynamics
simulations the motion of the endohedral unit is a thermally
activated hopping between symmetrically equivalent sites,
i.e., conformations, in the Cg, cage [2]. This picture is also
corroborated by nuclear magnetic resonance experiments
[13,14]. In Fig. 1(b) a simplified, one-dimensional scheme
of a potential energy landscape is shown, where two
minima are separated by E,. The first minimum corre-
sponds to conformations with the magnetic moment
perpendicular to the magnetic field (0 = z/2), while the
second minimum is separated by the angle between two
neighboring conformations Af@. In this second minimum,
the two magnetic moments are split by a Zeeman energy of
i-B=2E, sin(A@), where E, = uB. At low temperatures
the two states are not populated equally and the B field
imposes a drag toward small polar angles, i.e., causes an
orientation of the endohedral units. If, however, the
activation energy E, > kpT, the system may not assume
thermal equilibrium in the accessible time frame. In the top
panel of Fig. 1(c) the polar angle dependence of the
Zeeman energy is depicted for the two zero field ground
states =J, with the energy scale E;. In the lower panel, the
density of the moments as a function of the polar angle is
shown for the isotropic distribution (kz7T > E,) and for
kgT/E, = 1/2. The statistical mechanics problem of the
determination of the density and the corresponding average
magnetic moment may be solved analytically. In Fig. 1(d)
the isotropic and the equilibrium magnetizations are shown
as a function of temperature. For the green equilibrium
curve, the moments will orient collinear to the magnetic
field at zero Kelvin. On the other hand, the saturation
magnetization for the isotropic distribution of the moments
reaches only half of the collinear case [15]. Therefore, we
expect a magnetization between the equilibrium and the
isotropic case [gray area in Fig. 1(d)], depending on
whether the sample is cooled in zero field or in an
externally applied magnetic field.

Figure 2(a) shows the effect of field induced orientation
of Ho magnetic moments as expressed by the magnetic
moment m of the sample. The black trace is the zero-field
cooled magnetic moment m_ during warm-up in an applied
field ygH = 7 T. The red trace, on the other hand, is the
magnetic moment m; as observed when the sample is
cooled and warmed-up in an externally applied field
(uoH =7 T). Clearly, below a certain temperature, the
zero-field cooled sample displays a lower magnetization
than the in-field cooled sample. The effect depends on the
applied magnetic field, and as we see later on the cool-
down and warm-up rate &£ that was set for the data in
Fig. 2 to = = 5 x 1072 K/s. Figure 2(b) shows the ratio
of the magnetic moment between in-field and zero-field
cooled sample m;/m. for different external magnetic fields.
Above about 60 K the ratio m;/m_ is one. Below this
characteristic temperature, the hopping rates of the endo-
hedral units drop, such that the equilibrium magnetization
for the given temperature may not be obtained during the
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FIG. 2. (a) Temperature dependence of the magnetic moment
m for zero-field cooled (black) and in-field cooled (red)
HoLu,N@Cg,. (b) Ratio of the magnetic moment for in-field
and zero-field cooled m;/m, for different externally applied
magnetic fields (7 T, 5 T, 3 T). (c) m;y/m,y/2 extrapolated to
0 K. From the curvature of the parabola the Zeeman ener-
gy:kpT ratio is inferred. Inset: Prediction for higher magnetic
fields. Heating and cooling rate = =5 x 1072 K/sK/s.

duration of the experiment. In the following, we will call
this temperature the equilibrium freezing temperature
Tp, at which the angular density distribution of the
magnetic moments freezes. The zero Kelvin extrapolation
(m;/m.);_, increases with the externally applied field in a
nonlinear fashion [see Fig. 2(c)]. For fieldsup to 7 T, we get a
parabolic effect. Qualitatively, this can be understood by
the effective magnetic torque, which is proportional to the
external field and the magnetization that s, near zero, as well
proportional to the external field. Using the second term
« B? of the series expansion of the model in Fig. 1
(mi/2m.)r_o(B) = 1/2 + (aB)?/24 with a = Xp/B =
u/kgTp. The experimental value of a = (107 £+ 1)x
1073 T-1. If we use the full analytical expression for the

determination of @ we get (108.9 4 0.2) x 107 T~ Asitis
shown in the inset of Fig. 2(c) the theory also predicts the
orientation effect for large fields, where the effect flattens
and approaches saturation.

If we want to determine 7y, we have to know the
magnetic moment u of the Ho atom. This can be obtained
conveniently from the magnetization curves of zero-field
cooled samples, as it was demonstrated for other noncol-
linear single-ion magnets [6,10,11]. The magnetization
data in Fig. 3 were recorded at 1.8 K, well below the
freezing temperature. If we apply a simultaneous fit to both
magnetization curves in Fig. 3, where the number of
molecules N and the magnetic moment y have to assume
the same value, and where we allow for the in-field
cooled sample a freezing temperature 7y, we get N =
(2.02£0.005) x 10", u=9.554+0.02 yy and Ty =
5234+ 03 K for f=5x10"*K/s. From data of a
TbSc,N@Cyg, sample [16], we get p =9 +0.02 up and
Tr=603+03K for #=5x10"2 K/s. The noniso-
tropic angular distribution of the magnetic moments for
the in-field cooled sample corresponds to the equilibrium
distribution at Tp and is responsible for the excess
magnetization. Considering that the freezing temperature
depends on f (see below) this is in perfect agreement (better
than 3%) with the parameter a from the data in Fig. 2.
Furthermore, the difference curve between m; and m,
indicates that the difference between the in field and zero
field is not explained by a simple scaling and it is seen that
the conformational change model with a field dependent
freezing temperature describes the data very well.
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FIG. 3. Magnetization m vs externally applied magnetic field
uoH of HoLu,N@Cg at 1.8 K (raw data). Both zero-field (black
squares) and in-field 7 T (red circles) cooled data were fitted
(solid lines) simultaneously with a model of isotropically
(randomly) oriented Ho magnetic moment and an equilibrium
distribution with a freezing temperature T . The fits yield 9.55 up
for the Ho magnetic moment and a T of 52.3 K for B =7 T and
f=5x10"* K/s. Grey diamonds are the difference between
zero-field and in-field cooled. The solid line is the difference of
the corresponding fits.
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In order to determine the activation energy FE, [see
Fig. 1(b)] and the attempt frequency v for the endohedral
hop rotation, temperature sweep-rate dependent measure-
ments were performed. Figure 4(a) shows the in-field
and zero-field cooled ratio m;/m, for three different
temperature sweep rates 8 between 5 x 107* K/s and
5 x 1072 K/s. As expected, for small §’s the endohedral
unit has more time to adopt equilibrium during in-field
cooldown, resulting in smaller 7'x’s as shown in Fig. 4(b),
and larger endohedral orientation. The 7'z’s are determined
from magnetization curves at 1.8 K for corresponding f’s
as described above.

E, and v are obtained from a first order kinetics model.
In this model, we assume that during a time interval At the
equilibrium is approached exponentially:

m(t+ At) = m(t) + Amg[l —exp(—Ar/7)], (1)

where Amp = mg(t+ Ar) — m(t) is the deviation of the
magnetization m(¢) at time ¢ from the equilibrium
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FIG. 4. (a)Ratio of magnetic moment for in-field and zero-field

cooled m;/m, at different temperature sweep rates  for HoLu,
(full symbols) and TbSc, (open symbols). (b) Freezing temper-
atures T (f) [with corresponding symbols and colors from (a)]
determined from fits of magnetization curves of the in-field
cooled samples. The solid line is the best fit of first order kinetics
for HoLu,—with a barrier height E,/kz = (2145 £+ 20) K and
an attempt frequency v = 1.8 x 104015 g=1,

magnetization mg. The time constant 7 is the average
time between two hops and is described by a single barrier
E,. It has the form 7 = (vexp (—=E,/kgT))™", where v is
the attempt frequency and kp is the Boltzmann constant.
The best fit to the T(f) data yields a barrier E4/kp =
(2145 +20) K and v = 1.8 x 104015 =1 where the
confidence intervals are strongly correlated and taken at
levels 10% above the y> minimum between experiment and
theory. The ratio between E4 and E, at 7 T is 47 which
rationalizes the relatively high freezing temperatures.

The activation energy for the onset of endohedral
rotation in Cg, for HoLu,N (185 meV) compares well
with LusN (186 meV) as obtained from NMR [17], and
studies for ScsN (78-150 meV) [3] This suggests an
increase of E, with the size of the endohedral cluster.
The prefactor v that is needed as well for a complete kinetic
description is larger than the highest molecular vibration
frequencies. This is not an inconsistency, large kinetic
prefactors up to 10'° s=! were, e.g., observed in desorption
of alkane molecules on surfaces [18—20]. This may be an
indication, that the one-dimensional two level picture
as sketched in Fig. 1(b) is too simple. Rather, the large
v hints to the many degrees of freedom that are involved
in the hopping of endohedral units in Cgy [2]. The ex-
tracted kinetic parameters will allow the test of temperature
dependent molecular dynamics simulations, and the
study of steric effects due to different rare earth ion sizes.
For example, the difference in freezing temperature
between HoLu, and TbSc, in Fig. 4 indicates—under
the assumption of the same prefactor—a 3.5% higher
activation energy for the Tb compound. The kinetic
parameters are also needed if the orientation effect shall
be enhanced by high magnetic field pulses, as well as if the
effect shall be applied for the orientation of the easy axis in
endohedral single molecule magnets.

In conclusion, we have shown that endohedral units like
HoLu,N or TbSc,N may be rotated inside Cg, molecules
by the application of magnetic fields. The Zeeman energy
enables the rotation and its measurement of the effect in the
magnetization. The ratio X between the Zeeman energy
and thermal energies at freezing controls the degree of
orientation, where T is governed by a characteristic time 7
that describes the equilibration time. The presented con-
formational change model may be applied to other endo-
hedral molecules containing a magnetic moment, and the
corresponding activation energies will provide insight into
the relation between the size of the endohedral cluster and
its binding.
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